Estimating total ultrasound attenuation from backscatter data is essential in the field of quantitative ultrasound (QUS) because of the need to compensate for attenuation when estimating the backscatter coefficient and QUS parameters. This work uses a reference phantom method of attenuation estimation to create a spatial map of attenuation slope (AS) from backscatter radio-frequency (RF) data of three phantoms and a rat mammary adenocarcinoma tumor (MAT). The attenuation maps show changes in attenuation between different regions of the phantoms and the MAT tumor. Analyses of the attenuation maps of the phantoms suggest that the AS estimates are in good quantitative agreement with the known values for the phantoms. Furthermore, estimates of total attenuation from the attenuation maps are likewise in good quantitative agreement with known values.
Introduction
The ability to accurately estimate total attenuation is essential for estimating the backscatter coefficient (BSC) and several derived quantitative ultrasound (QUS) parameters. 1 Attenuation itself has been shown to be a useful quantitative parameter in diagnosing liver and bone disease. 2, 3 Despite the central importance of attenuation to the QUS field, currently there exists no robust method for its estimation. However, under certain conditions, it is possible to obtain accurate estimates of attenuation.
There are a variety of methods in the time and frequency domains for estimating attenuation. [4] [5] [6] [7] The spectral difference reference phantom approach is a frequency-domain method that uses the difference in the spectral amplitude at increasing depths to estimate local attenuation from ultrasonic backscatter data, 8 and is the method used for this work. There are several advantages to this method, including the ability to analyze attenuation versus frequency over the entire bandwidth of the transducer. The method also makes relatively few assumptions, the main assumption being that the BSC does not change within the region of interest (ROI) being analyzed.
Attenuation maps serve two purposes. First, a parametric image of attenuation can show contrast between regions that do not appear different in a conventional B-mode image and gives quantitative information about the regions. Zagzebski et al. 9 implemented a QUS imaging capability on a clinical scanner that had an offline attenuation imaging ability. To mitigate errors caused by changes in backscatter at tissue boundaries, Kim and Varghese developed the hybrid spectral shift method, which uses the downshift in center frequency of the ultrasound pulse for estimating attenuation. 7 There have also been efforts by several groups to image attenuation using tomographic methods. [10] [11] [12] Second, attenuation maps can be used as a way to more accurately compensate for attenuation to calculate the BSC. This requires that the total attenuation along the path between the transducer and ROI be calculated. The easiest way to account for attenuation is to adopt a bulk value of attenuation for the tissue to gain a reasonable estimate of total attenuation. This approach is only accurate in the simplest cases where attenuation does not change along the propagation path. Bigelow et al. 13 proposed a Gaussian transformation and a spectral fit algorithm to directly estimate the total attenuation and scatterer size. Nam et al. 14 proposed a method for simultaneously calculating the total attenuation and BSC using a constrained least-squares fitting scheme.
In this work, the information obtained from a local map of attenuation is used to compute the total attenuation at a point as the cumulative sum of the local estimates up to that point. The accuracy of the local and total attenuation estimates is tested for three different physical phantoms. These three phantoms had also been used during attenuation-and backscatter-measurement intercomparison studies reported by Nam et al. 15 The critical difference between the methods of this work and those of Nam et al. is that this work uses the actual individual local attenuation estimates in their original spatial position to compute total attenuation without having to demarcate discrete regions of the phantom sample as having different attenuation from one another. By contrast, Nam et al. computed the total attenuation using an average of local attenuation values for each individual homogeneous region contained in the phantom. These average values were obtained from a separate radio-frequency (RF) data set, and the boundaries between homogeneous regions in the phantom were completely avoided. The purpose of this work is to demonstrate the ability to obtain accurate total attenuation compensation using the same RF data set from which the BSC is to be estimated. It should be noted that in this work, water boundaries are still segmented if they are present; the previous statement about not needing to demarcate regions applies only to regions within the sample.
Method
For this study, RF data were acquired from single planes in three phantoms and a rat mammary adenocarcinoma tumor (MAT) using a VisualSonics Vevo 2100 research scanner (VisualSonics Inc., Toronto, Ontario, Canada). The transducer array uses a quadrature sampling method at a sampling frequency of 40 MHz. When recovering the RF data, the received signals are upsampled by a factor of 16 so that the frequency of samples becomes 640 MHz. The array has an approximate bandwidth of 7 to 14 MHz. The phantoms selected for this study allowed for the accuracy of the attenuation map to be evaluated for simple geometries in which the attenuation and BSC properties are known. The particular tumor was selected for its relatively large size.
The first phantom consists of three different layers stacked atop one another. 14 The middle layer has a higher attenuation than the top and bottom, and the three layers all have the same BSC; hence, this phantom is referred to as the constant-BSC (CB) three-layer phantom. Because of the low signal amplitude received from the third layer, only the data from the top two layers of the phantom were usable. The second phantom is constructed similarly to the first, but with constant attenuation (CA) through all three layers and a higher BSC in the middle layer. This phantom is thus called the CA three-layer phantom. The reference used for the CB and CA phantoms was the material of the third layer of the CA phantom, acquired by placing the transducer on the side of the phantom such that only the material of the third layer was present in the acquired image. The third phantom, referred to as the rodent phantom, 16 consists of a sphere partially embedded in a background material with a higher BSC and lower attenuation than the sphere. The reference used for the rodent phantom was the background material of the phantom, acquired in a separate scan, which omitted the spherical inclusion. Diagrams of the three phantoms are shown in Figure 1 . The BSC values in Figure 1 were calculated using Faran's theory 17 with the exception of the rodent phantom background BSC, which was measured directly.
RF data of a MAT tumor of a Sprague-Dawley rat (Harlan Laboratories, Inc., Indianapolis, Indiana) were acquired using a well-characterized phantom as the reference. The attenuation properties for the three phantoms and the MAT tumor are summarized in Table 1 . The known attenuation slope (AS) value for MAT tumors presented in Table 1 is the average AS for seven freshly excised MAT tumors. The AS values were obtained using a standard insertion loss 4 technique as part of a different study. The experimental conditions were approved by the University of Illinois Institutional Animal Care and Use Committee. B-mode images of all four samples are shown in Figure 2 .
Ultrasound attenuation is often approximated as a power-law function of frequency:
where α is the attenuation coefficient, f is the frequency, a is a positive constant, and n > 0. A special case of the power-law attenuation function is when n = 1. The result is that the attenuation coefficient becomes a linear function of frequency
where β is the attenuation coefficient versus frequency slope (AS) that characterizes the attenuation coefficient as a single parameter. The attenuation coefficient was estimated from the ultrasonic backscattered RF data using the spectral difference reference phantom method. 8 The estimation routine was implemented in MATLAB (The MathWorks, Natick, Massachusetts) as part of a graphical user interface (GUI) for estimating various QUS parameters. The GUI allows the user to manually segment the area of the B-mode image where AS estimates are to be made and specify the bandwidth used to make the estimates; in this study, the −10-dB bandwidth was used. Once the user has chosen the area, it is subdivided into many overlapping, rectangular ROIs, each of which yields an estimate of attenuation coefficient versus frequency. The AS is calculated by dividing the attenuation coefficient at each frequency point by that particular frequency and taking the mean of the quotients over the entire bandwidth. (1)
The spectral difference method 8 requires that each individual ROI be subdivided into axial sections to obtain the power spectrum at different depths through the ROI. The power spectrum is calculated by gating with a rectangular window, zero-padding to a length of 8192 points (at a sample frequency of 640 MHz), and computing a fast Fourier transform. Averaging the power spectra at a particular depth over all scan lines in the ROI yields the power spectral estimate for that depth. The size of the ROI was 5 × 5 mm, and the length of the rectangular gating function was 2 mm (approximately 1665 samples). These dimensions yield ROIs that are about 18 pulse lengths axially and include 80 scan lines in the lateral direction, as well as a gate length of 8 pulse lengths. The size of the ROI and the length of the axial sections were chosen according to previous findings using simulated RF echo data, 18 which found that the full-width halfmaximum bandwidth of the power spectrum does not change significantly for gate functions longer than 7 pulse lengths and that the standard deviation in AS estimates is about 5% for this size of ROI. The ROI overlap was set to 90% in the axial and lateral directions to create a finegrained attenuation map. 
Results
Parametric images of AS for the four samples are shown in Figure 3 . The image of the CB phantom shows the change in AS that occurs near the 15-mm depth, which is not observed in (3) (4) the B-mode image. Along the border where the attenuation of the phantom changes, a gradual fading from the lower to the higher AS value can be seen as depth increases. The image of the CA phantom shows a negative AS near the 15-mm boundary between layers. Because the spectral difference method assumes that the BSC is constant throughout an ROI, the larger spectral amplitude due to the increase in BSC results in negative AS estimates along the border. This is the critical factor that limits the use of the spectral difference method and will be discussed further in the "Discussion" section. The image of the rodent phantom indicates that the spherical region has different attenuation properties than the rest of the phantom. The circular shape is well defined in the upper hemisphere but is less well-defined on the border between the different phantom regions. This is once again due to the blending of AS values for ROIs that lie along the border. A similar effect can be seen for the parametric image of the MAT tumor where the lower attenuation of the tumor blends into the areas of higher attenuation outside the tumor. Any ROI with an estimated AS greater than 2.5 dB/cm-MHz appears as the same dark red color. The average AS for the interior of the MAT tumor was 0.83 ± 0.19 dB/cm-MHz.
Although visual inspection of the AS images shows good contrast between regions in the three phantoms, it is also desired that the estimates themselves be accurate to the actual properties of the phantoms. To investigate this, the ROIs from each phantom sample were sorted into three groups according to their positions. For the CA and CB phantoms, the groups were ROIs completely inside the top layer, ROIs completely inside the middle layer, or ROIs intersecting the boundary between the two layers. For the rodent phantom, the groups were ROIs completely inside the sphere, ROIs completely outside the sphere (in the background material), or ROIs intersecting the boundary between sphere and background. Histograms of the AS estimates for the phantoms are shown in Figure 4 , with the mean and standard deviation of each region given in Table 1 . The sorting of ROI was not done for the MAT tumor because the tissue surrounding the tumor had unknown attenuation properties. The mean values for the nonboundary ROI show good agreement with the known attenuation values listed in Table 1 .
The total attenuation was calculated, and the average error versus depth is shown in Figure 5 . The average percentage error over all points was 0.39 ± 5.81% for the CB phantom, −20.86 ± 11.06% for the CA phantom, and 0.35 ± 11.50% for the rodent phantom. The average percentage error over all points inside the MAT tumor was 35.29 ± 38.92%. Although this error appears to be high, the average absolute error of total attenuation of the MAT is only 0.14 dB/MHz. The percentage error values are true for any frequency in the bandwidth because the attenuation coefficient is assumed to be a linear function.
Discussion
The histograms in Figure 4 show that when separating the ROI in the manner described above, there is a distribution of estimated AS values for the different regions. For the ROIs that lie on the boundary, this is to be expected because the estimated attenuation will be affected by what percentage of the ROI is within each of the two regions of differing attenuation or BSC. But for ROIs that are wholly contained in a section of uniform acoustic properties, a much narrower distribution of AS values would be expected. There are several reasons to explain the wide distribution of estimates. The first reason could be that the phantom layers themselves are not completely uniform with respect to attenuation. This is not believed to be the case as it has been seen in separate experiments using a through-transmission method that the phantoms are very uniform with a narrow distribution of attenuation values. The second, and more likely, reason is that the ROI size was not sufficiently large to obtain the desired consistency of estimates. The attenuation estimator was tested using simulated RF data to verify that consistent estimates can be made. It was seen that the variance of the AS estimates decreased as the axial and lateral dimensions of the ROI were increased. However, the simulations suggested that to obtain a standard error less than 5% with the phantom data, the ROI dimensions would need to be at least 12 × 12 mm. Thus, a tradeoff between the ROI size and the variance in estimates must be found, and in this work, the ROI size chosen yielded average errors less than 20% for all nonboundary regions of the phantoms. The ROI falling on the boundary regions of the CB and rodent phantoms generally yielded an intermediate AS between that of the two discrete layers. The estimates of the CA phantom were very inaccurate and contained negative values because of the change in BSC between the top and middle layers. The estimation errors are mitigated slightly by the averaging of overlapping ROI; however, the inaccuracies caused by the change in BSC are still large. A partial solution to this problem would be to filter out ROIs that are believed to lie in regions of changing BSC when generating the attenuation image. This could be done in a variety of ways such as setting a maximum threshold for the amplitude change in BSC with depth. In situations with many layers of changing BSC, the spectral difference would simply be too ill suited for the task, and a different method would need to be selected.
The results when calculating the total attenuation are unbiased with very low average errors for the CB and rodent phantoms. The reason for the higher standard deviation for the rodent phantom is likely due to the total attenuation being very small at the interface between the water and the phantom. This will register a high percentage error while the absolute error is less than 0.01 dB/MHz for points very close to the water boundary. Due to the inaccurate AS estimates of the CA phantom occurring at the boundary between layers, the total attenuation is underestimated beginning at 11 mm. At depths below the boundary, the total attenuation increases at the correct rate; however, due to the low AS estimates at the boundary, the total attenuation is still underestimated.
The AS images presented show clearly defined regions of differing attenuation in all of the samples shown. The values are in good quantitative agreement with the known values for the phantoms with the percentage error of the mean values never exceeding 6.3% in all cases except for the rodent phantom background, which had an error of 13.7%. The estimates obtained from the MAT tumor differed by 16.4% from independent laboratory measurements made for this type of tumor (and shown in Table 1 ). These spatial maps are also useful for determining the total attenuation values needed to compensate for attenuation when calculating the BSC. Hence, the attenuation images can serve the dual purpose of quantitative imaging and providing an accurate method of attenuation compensation for BSC calculations.
